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ABSTRACT

The complexities of convergent margins commonly include the interactions of subduction
zones, with many geological records of ““‘double” subduction. Here, we build two-dimensional
numerical models to explore the evolution of complex subduction systems by systematically
testing single and inward-dipping double subduction beneath a continental upper plate and
the impact of continental collision on these systems. When compared to single subduction
models, the inward-dipping double subduction shows hindered trench migrations and larger
volumes of upwelling mantle enhanced by excess sinking slab mass. Double subduction draws
larger volumes of hotter mantle beneath the continent in an area much broader than the
marginal basins of single subductions, contributing to subcontinental heating by ~200 °C.
As collision jams one margin of a double subduction system, the other margin follows the
evolution of migrating single subduction zones, although characterized by persisting higher
mantle temperatures and strong upwellings, inherited from the double subduction stage, and
large-scale upper plate extension. The modeling outcomes are compared to scaling arguments
to test the viability of the mechanism proposed for tectonics of the Cenozoic South China Sea
and Neoproterozoic Yangtze Block (southeastern China), where the inward-dipping double
subduction provides a context for protracted large-scale continental extension, hotter sub-
continental temperatures, and channeled mantle flow not easily reconciled with the dynamics
of single subduction zones.

INTRODUCTION Li, 2018), which might have contributed to the

The spatial and temporal evolution of plate
boundaries on modern Earth comprises many
examples of subduction zones that became close
enough to interact. The South China Sea is one
of the largest sea basins along the margin of
the Eurasian continent, formed above an early
Cenozoic inward-dipping double subduction
system involving the Pacific, Philippine Sea,
and Indo-Australian Plates (Fig. 1A; Lin et al.,
2019). Here, tomographic and geochemical evi-
dence shows the upwelling Hainan plume con-
strained and deflected by the surrounding sub-
duction system (Wang et al., 2013; Zhang and
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opening of the South China Sea (Flower et al.,
1998). A similar situation may have impacted
the Neoproterozoic evolution of the Yangtze
Block (southeastern China), with evidence for
an inward-dipping double subduction system,
involving two subduction zones dipping toward
the Yangtze Block from both sides, that termi-
nated with assembly of the Cathaysia Block and
associated high-temperature melting and large-
scale (>500 km) rifting (Fig. 1B; Li et al., 1999;
Zhou et al., 2002; Gao et al., 2016). However,
the anomalously high temperatures and width of
the extensional tectonics are not easily explained
by temperatures and size of modern marginal
basins; therefore, the interpretation of this case
remains controversial.

Here, we focus on the evolution of inward-
dipping double subduction and show how it

differs from that of single subduction zones
in terms of operational scales and the role of
the lower mantle (Holt et al., 2017). Models of
double subduction have primarily focused on
the same dipping systems, where two subduc-
tion zones form with both slabs dipping in the
same direction (e.g., Pusok and Stegman, 2020),
showing how adjacent slabs mutually influence
each other (e.g., Kirdly et al., 2016, 2021) and
result in large-scale tectonics shaping conti-
nents (Jagoutz et al., 2015; Pusok and Stegman,
2020). Similar large-scale extension occurs in
inward-dipping double subduction zones due
to the retreat of diverging trenches, although in
these systems the focused slab mass increases
the volume and vigor of mantle upwelling (Lyu
et al., 2019; Dasgupta and Mandal, 2022; Lei
and Davies, 2023).

We propose a systematic test of how the
dynamics and long-term evolution of inward-
dipping double subduction differs from those of
single systems. We use thermomechanical com-
putational modeling of inward-dipping double
subduction systems to address the characteris-
tics of mantle temperature and ensuing tectonics
over ~100 m.y. and illustrate the long-lasting
impact on mantle flow and tectonics exceed-
ing the lifespan of double subduction, with high
temperatures and large-scale extension sus-
tained when collision jams one of the margins
and the other evolves as a single subduction.
The results shed light on the evolution of the
Cenozoic South China Sea and Neoproterozoic
Yangtze Block.

MODEL SETUP AND RESULTS

To test quantitatively the thermomechani-
cal evolution of double subduction systems,
we used the geodynamic modeling framework
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Underworld2 (Mansour et al., 2020). A full
explanation of the governing equations and
constitutive laws adopted is given in the Sup-
plemental Material'. Our models investigate the
evolution of inward-dipping double subduction
systems and the influence of a collision of an
exotic continental block. To compare to the
geological cases presented, we use present-day
mantle potential temperatures of 1350 °C and
that inferred for the Neoproterozoic of 1450 °C
(Herzberg et al., 2010). All models have a con-
tinental upper plate in the center that is 120 km
thick, including 35 km crust and an optional
weak zone that accommodate strains, bounded
by two inward-dipping subducting oceanic
slabs, each 70 km thick, comprising 10 km crust.
The exotic block has the same properties as the
continent. The modeled space includes the lower
mantle, differentiated by increased density and
viscosity. See Figure S1 and Tables S1 and S2 in

'Supplemental Material. Model parameters and
methods, Figures S1-S7, Tables S1-S2, and Movies
S1-S2. Please visit https://doi.org/10.1130/GEOL
.S.26415856 to access the supplemental material;
contact editing @ geosociety.org with any questions.

the Supplemental Material for the configuration
and setup of the models.

The modeling is designed to reveal key fea-
tures of an inward-dipping double subduction
system by comparing models with increasing
complexities. We first present the evolution of
single subduction systems, representing the
ongoing subduction of an oceanic slab, and
how this is affected by the collision of an exotic
block. Then we show the evolution of double
systems by adding a second subducting slab that
dips beneath the opposite side of the continent
and show the termination of one of the subduc-
tion zones by collision of an exotic block.

Single Subduction System

The single subduction (SS) system provides
areference model. The slab subducts at a steep
angle then slows down as it accumulates atop the
lower mantle until penetrating deeper. A wide
flow cell forms as the slab descends and the
mantle upwells (Fig. 2A), driving upper plate
drift (Fig. 3A) in response to slab migration.
The strain rate map indicates compression at
the margin with limited extension in a back-arc
region <400 km wide (Fig. 3B).
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Models of single subduction with collision
(SC) show a similar evolution to the SS models
until exotic block entrainment leads to a staged
evolution (Fig. 2B). Subduction in the initial
stage (Stage I) does not differ from that of pre-
vious models as the exotic block approaches.
Upon collision, subduction slows down and
eventually ceases after a portion of the buoy-
ant block has subducted (Stage II; Fig. 3C). As
tensile stresses exceed the lithospheric strength,
the oceanic slab detaches, then surface motions
vanish while the detached slab sinks (Stage
IIT; Fig. 3D). The vertical mantle flow veloc-
ity measured beneath the plates and the strain
rates (Figs. 3C and 3D) show that the flow
changes from that dominated by subduction,
with a wide but weak upwelling, due to slab
sinking, to smaller-scale convection, indicated
by weaker drips and lower surface strain rates.
In this stage, trench motion becomes rather sta-
tionary, and the heating beneath the continent
in single systems (dashed lines in Fig. 3I) is
negligible.

Double Subduction System

Models for the evolution of double subduc-
tion (DS) systems exhibit a combination of fea-
tures observed in SS models and those unique
to DS. Subduction rates and slab morphology
of inward-dipping double subduction zones are
nearly symmetrical (Fig. 2C). As the two slabs
reach the transition zone, they restrict mantle
circulation and substantially enhance upwelling
beneath the upper plate (Fig. 3E). The upward
flow is more vigorous and extended compared
to that in the SS model, with velocity >2 cm/
yr faster than that of the single subduction zone,
over an area >1000 km wide, significantly
broader than the <400 km of an SS model’s
back arc. The coupling with enhanced mantle
flow results in higher strain rates in the upper
plate, leading to extension over a broader area
than in typical marginal basins (Fig. 3F).

The double subduction with collision (DC)
models show a complex evolution (Fig. 2D).
While Stage I mostly resembles that of DS
models (Fig. 3G), in Stage II, the right-hand
subduction is jammed by buoyant block
entrainment, allowing the free migration of
the subduction margin, with shallow slab and
upper plate drift (Fig. 3G). Stage III starts
upon the slab detachment from the accreted
continental block. In this stage, the mantle
rearranges to smaller-scale flow, as in the SC
model; however, the upwelling due to the still-
sinking slab remains extensive and vigorous
(Fig. 3G), with upper plate extension increas-
ing from strain rates of ~2 x 10~'%s~!in Stage
Ito ~5 x 107! s~! in Stage I (Fig. 3H). In
summary, as collision jams one of margins, the
other subducting margin is free to evolve in a
similar way to that of SS systems; however,
the driving forces are enhanced by the excess
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Figure 2. Snapshots of tested model cases. Arrows indicate velocity direction over time. Model

setup is in Figure S1 (see text footnote 1).

slab mass of the ceased one, still in the mantle,
enhancing the width and vigor of the mantle
flow and surface strain.

The rearrangement of mantle flow in dou-
ble subduction systems results in significant
heating beneath the upper plate (solid lines in
Fig. 31), in contrast to that observed in single
subduction systems. The combined effect of
two slabs, enhanced upwellings, and thermal
insulation of the mantle (gray area in Fig. 3I)
leads to pronounced subcontinental heating. For
mantle potential temperatures of 1450 °C and
1350 °C, asthenosphere temperature increases
by as much as ~200 °C and ~180 °C, respec-
tively (Fig. 3I). Heating decreases with a wider
upper plate of 4000 km, achieving an increase

SS_TP1350_L2000

SC_TP1350_L2000

of only ~100 °C (Fig. 4A). These effects are
explored in the next section in comparison with
proposed scaling laws.

DISCUSSION
Large-Scale, Long-Lasting Effects of
Inward-Dipping Double-Sided Subduction
Comparisons between single and double sub-
duction systems reveal similar back-arc exten-
sion; however, the excess slab mass in the mantle
for the double subduction scenarios enhances
the scale of the mantle flow, drawing an increase
of mantle temperature to ~200 °C, beneath an
upper plate with a width of >1000 km, poten-
tially leading to protracted extension over simi-
lar scales.

DS_TP1350_L2000

[ L | v

\ \ slab break-off

These effects are influenced by the scale of
upper plate and mantle temperature as well as
the geometry of the double subduction zone
(Fig. 4A). Our choice of two-dimensional space
for the models simplifies realistic mantle circu-
lations, though it maximizes confinement as in
previously published efforts (Pusok and Steg-
man, 2020; Lei and Davies, 2023). This limita-
tion is overcome by comparing results with a
scaling analysis proposed by Le Pichon et al.
(2021) to emphasize the role of the geometry on
confinement and mantle temperature. The scal-
ing allows us to test our models for an increased
mantle temperature and wider upper plate, thus
validating the results of our work. The increased
mass of neighboring slabs enhances the scale of
the mantle flow and thermal insulation in the
asthenosphere, which is inversely proportional
to the width of the upper plate, with temperature
rises of >100 °C for an upper plate of width
<4000 km, though this scaling may not apply
to very narrow systems due to instability from
strong slab interactions (e.g., Zhang et al., 2024).
This scaling is found in previous works, showing
increased stress as a result of approaching slabs
(Kiraly et al., 2016, 2021), increased thermal
insulation due to inhibited lateral flow (Coltice
et al., 2007; Lenardic et al., 2011), as well as
enhanced upwelling and large-scale extension
above an inward-dipping double subduction
zone (Holt et al., 2017; Lyu et al., 2019; Das-
gupta and Mandal, 2022; Lei and Davies, 2023),
supporting the idea of viscous stresses and asthe-
nosphere heating enhanced by confined mantle.

Our models highlight that the effect of
double subduction on system features such as
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the broad scale of asthenospheric heating and
large-scale extension persist even when one of
the two slabs breaks off. This reflects the sink-
ing of excess slab, which eventually penetrates
the lower mantle after one subduction zone has
ceased. Such large-scale effects of the deep sink-
ing slabs agrees with wider and longer-lasting
convective cells (Dal Zilio et al., 2018) and
increased plate velocities beneath the Asia-India
collision (Jagoutz et al., 2015) and southeast
Asia margins (Yang et al., 2018), which cannot
be reconciled with a shallow-single subduction
system.

Geological Implications on the Evolution of
Double-Sided Subduction Systems

Modern and inferred ancient examples of
inward-dipping double-sided subduction are that
of the early Cenozoic South China Sea region
(Lin et al., 2019) and Neoproterozoic Yangtze
Block (Zhou et al., 2002) and may be linked
to the supercontinent cycle (e.g., Jellinek et al.,
2020; Le Pichon et al., 2021, 2023).

Double subduction systems may have influ-
enced large-scale tectonics of the South China
Sea (Figs. 4B and 4C). Opening of the sea has
been proposed to be a response to the extru-
sion of Indochina, triggered by the India-Asia

collision (Briais et al., 1993). Yet, the timing
of the extrusion (ca. 27-22 Ma) postdates the
onset of the rifting (>32 Ma; Hsu et al., 2004).
Alternatively, a mantle plume has been proposed
to have driven the South China Sea opening
(Flower et al., 1998), although the early record
of the mantle plume is younger than the extru-
sion (ca. 24 Ma; Yu et al., 2018). We suggest
that inward-dipping double subduction might
have facilitated mantle upwellings and stretched
a broad area over the continents, aligning with
large-scale but weak extensions observed at the
southeast Eurasian margins (Fig. S2; Zahirovic
etal., 2014). Our model shows that, when scaled
to the ~4000 km width of continents of the early
stages of South China Sea rifting, such exten-
sion has been minor (Fig. S3). In the same way,
this mechanism may have become pronounced
as new subduction zones started later, which
shorten the characteristic width between mar-
gins (e.g., Dasgupta and Mandal, 2022; Zhang
etal., 2024). The deep double subduction in this
region has been invoked to constrain mantle
circulation and plume ascent (e.g., Wang et al.,
2013). Our model reveals similar constraints
on upwelling but across a broader scale and
with heating under a double subduction sys-
tem (~100 °C increase; Fig. 4A) that is modest
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compared to that from mantle plumes (~250 °C;
Wang et al., 2012). In this scenario, the role of
the hotter Hainan plume could explain the high-
temperature melting that occurred after South
China Sea opening (Zhao, 2001).

The mid-Neoproterozoic evolution of the
Yangtze Block can be explained within the con-
struct of a three-stage model of an inward-dip-
ping double subduction, collision, and transition
to single subduction (Figs. 4D—4F). The arc-type
magmatism along the margins of the Yangtze
Block before 830 Ma (Fig. 1B; Yao et al., 2019)
indicates a long-term double subduction (Stage
I). The amalgamation of Yangtze and Cathaysia
Blocks at ca. 830-815 Ma is compatible with
Stage II and lasts ~20 m.y. in models. Stage
IIT follows the cessation of subduction along
the southeastern margin of the Yangtze Block
and a rapid retreat of western margin, increasing
continental drift rates to 67 cm/yr or faster (Fig.
S4C; Fu et al., 2022) and promoting the large-
scale rifting represented by the Kangdian and
Nanhua Rifts. Additionally, the notable granite
emplacements in Stage II (Wang et al., 2014)
were accompanied by the emergence of man-
tle-derived high-Mg basalts, requiring mantle
heating by +260 + 50 °C. Although a plume
origin has been invoked for this heating (Wang
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etal., 2007), our findings indicate that such tem-
perature rises could be a characteristic of a hot
Neoproterozoic mantle in response to double
subduction (Fig. 4A).

A comparison of numerical models with
early Cenozoic and Neoproterozoic examples
of inward-dipping double subduction systems
shows that increased slab mass and constrained
mantle flow can trigger large-scale upwelling
and widespread stretching. This setting may
explain the large-scale stretching in the South
China Sea, bordered by inward-dipping subduc-
tion zones, the deflection of the Hainan plume,
and similar tectonic process to the Neoprotero-
zoic Yangtze Block. In the hotter Neoprotero-
zoic mantle, asthenospheric heating is higher
than that of today, providing a mechanism for
preserved igneous activity related to high-tem-
perature melting. We show that such large-scale
flow and tectonics may persist for a considerable
time after the systems evolve from a double to
a single subduction system.
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